Objective: Most patients with major depressive disorder (MDD) require second-step treatments to achieve remission. The TReatment with Exercise Augmentation for Depression (TREAD) study was designed to test the efficacy of aerobic exercise as an augmentation treatment for MDD patients who had not remitted with antidepressant treatment.
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Pharmacologic augmentation agents such as lithium, triiodothyronine (T 3 ), buspirone, and atypical antipsychotics 4, 5, [8] [9] [10] have improved depression outcomes, but none have proven to be universally effective, and they are associated with side effects and inconvenience (eg, the need for blood monitoring 8 ). Disadvantages of using pharmacologic augmentation strategies include increased cost and risk of interactions. Nonpharmacologic augmentation strategies such as psychotherapy and exercise may provide an effective alternative to medications.
Results of studies using psychotherapy as an augmentation strategy are variable, 1, [11] [12] [13] and therapy can be difficult to implement. 14 In STAR*D, no obvious advantage was seen for any specific augmentation (including cognitive-behavioral therapy), and it is difficult to retain patients through multiple steps. 6, 15 Therefore, identifying alternative augmentation strategies, as well as identifying which treatments are best for which patients, is critical to the advancement of the treatment of depression. Unfortunately, previous trials have primarily been designed to look at the efficacy of an intervention and have not been designed to evaluate moderating variables. 16, 17 Unless moderators are identified for antidepressant treatments, overall response rates will remain low. Therefore, it is critical that studies also be designed to evaluate moderators.
Exercise is a plausible nonpharmacologic augmentation treatment, due to its demonstrated efficacy as a monotherapy 18, 19 as well as in combination with other depression treatments. [20] [21] [22] [23] [24] [25] There are also plausible neurobiological mechanisms for the efficacy of exercise as a treatment for depression, such as changes in serotonergic and noradrenergic neuromodulatory function similar to those observed with antidepressant treatments [26] [27] [28] and increased hippocampal neurogenesis. 29 However, the role of exercise as an augmentation to currently unsuccessful antidepressant treatment has not been well studied. The objective of the TReatment with Exercise Augmentation for Depression (TREAD) study was to evaluate the efficacy of 2 doses of aerobic exercise and to determine if there are clinical and demographic moderators of these 2 treatments. While no specific moderators have been identified for exercise as an augmentation, a number of candidates have been found to relate to treatment response and were evaluated in this study.
METHOD
The research protocol for this randomized controlled trial (clinicaltrials.gov Identifier: NCT00076258) was approved and monitored by the institutional review boards of The University of Texas Southwestern Medical Center at Dallas and The Cooper Institute, Dallas, Texas, and by a Data and Safety Monitoring Board composed of experts who were not a part of the study team (board members were affiliated with The University of Texas Southwestern Medical Center at Dallas or with the Epidemiology Data Center, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania). Study activities commenced after potential participants provided informed consent following explanation and discussion of study procedures. The study took place between August 2003 and August 2007.
Participants from the Dallas/Fort Worth area were recruited through physician referrals and advertisements. Inclusion criteria were as follows: (1) men and women aged 18-70 years; (2) diagnosis of nonpsychotic major depressive disorder (MDD) based on the Structured Clinical Interview for DSM-IV Axis I Disorders 30 and confirmed by a psychiatrist; (3) completion of > 2 and < 6 months of treatment with a selective serotonin reuptake inhibitor (SSRI), with at least 6 weeks at an adequate dose (ie, 20 mg/d of escitalopram; 40 mg/d of citalopram, paroxetine, or fluoxetine; 25 mg/d of paroxetine controlled-release; or 150 mg/d of sertraline) prior to entry; (4) report of subjective improvement from SSRI monotherapy with at least moderate residual depressive symptomatology, quantified by a 17-item Hamilton Depression Rating Scale (HDRS 17 ) 31 score ≥ 14; (5) not engaged in regular exercise (defined as an expenditure of < 35 kcal/kg/d or exercise < 3 days/wk for 20 minutes or less per session over the past month); (6) capable of exercise; and (7) able and willing to provide informed consent.
Exclusion criteria included (1) history, physical examination, or laboratory results indicating a significant medical condition; (2) depression due to a comorbid psychiatric disorder; (3) current pharmacologic or formal psychotherapeutic treatment other than SSRI; (4) treatment resistance, defined as failure of 2 or more pharmacologic treatments of adequate dose and duration during the current depressive episode (as determined by a psychiatrist and by review of the Antidepressant Treatment History Form 32, 33 ); and (5) pregnancy or planning a pregnancy in the next year. All participants received a maximal exercise test to determine cardiorespiratory fitness (maximal oxygen consumption, or VO 2 max, calculated as liters of oxygen per minute), to screen for abnormal blood pressure and electrocardiogram responses, and to aid in the generation of exercise prescriptions.
Participants were randomized to augmentation treatment using block randomization to ensure that the sample would remain relatively balanced throughout the course of the trial. Randomization numbers were generated using SAS (SAS Institute Inc, Cary, North Carolina). Personnel who collected clinician-rated measures and study physicians who provided medication management and clinical care were blind to augmentation treatment assignment.
Acute-Phase Exercise Intervention
Participants received augmentation with either a higherend public health dose or a lower-end public health dose of exercise. The 2 exercise doses required total weekly energy expenditures of 4 or 16 kcal per kg per week (KKW). The dose of 16 KKW was selected on the basis of public health physical activity recommendations 34 and would require walking at ≈ 4.0 mph for 210 minutes per week. The 4-KKW dose is equivalent to walking at 3.0 mph for approximately 75 minutes per week and reflects minimal activity by public health standards. 34 The acute phase lasted 12 weeks. A combined supervised and home-based monitored exercise protocol allowed participants scheduling flexibility. Supervised sessions were conducted at The Cooper Institute, with additional homebased sessions as needed to fulfill the weekly exercise prescription. Participants received 3 supervised sessions the first week and 2 the second week. Beginning with the third week, participants reported to The Cooper Institute each week to be weighed, complete 1 exercise session, and address any exercise-related concerns with The Cooper Institute staff. For participants randomized to 16 KKW, prescribed energy expenditure was 10 KKW the first week, 13 KKW the second week, and 16 KKW in weeks 3-12.
Participants exercised using treadmills, cycle ergometers, or a combination of both in the exercise laboratory with self-selected training intensity. Participants maintained an online diary of the frequency and duration of all exercise
Clinical Points
Exercise is a viable augmentation strategy for depressed sessions via the study Web site. Items recorded during exercise sessions included location (laboratory or home), exercise modality, energy expenditure, duration, heart rates (preexercise and postexercise), and perceived exertion. In addition, precise data from each home-based exercise session were recorded on a heart-rate monitor (Polar SI610; Polar Electro Inc, Lake Success, New York) and downloaded during visits to The Cooper Institute. A behavioral intervention program that incorporated 7 empirically validated strategies optimized participant exercise adherence (see Trivedi et al 35 ).
Medication Management
Participants met with a psychiatrist throughout the study to assess symptomatology and medication safety and tolerability. The dose of SSRI was kept constant. Participants exhibiting a significant exacerbation of symptoms or intolerance to their medication were withdrawn (n = 5).
Assessment Visits and Outcome Measures
Personnel who were conducting research assessments received comprehensive training in research with human subjects, Health Insurance Portability and Accountability Act regulations, and the specific assessment tools. Interrater reliability sessions were conducted quarterly, and established safety procedures were maintained.
Primary clinician-rated measures included the 30-item Inventory of Depressive Symptomatology, Clinician-Rated (IDS-C 30 ) 36 and the HDRS 17 . Remission (defined as an IDS-C 30 score ≤ 12) served as the primary outcome measure. The self-report version of the IDS (IDS-SR 30 ) was completed weekly. Note that we have also reported the 16-item Quick Inventory of Depressive Symptomatology, Clinician-Rated (QIDS-C 16 ) 37 and Self-Report (QIDS-SR 16 ) 37 since they provide a more succinct measure of depressive symptoms. Psychosocial measures, including the Medical Outcomes Study 36-Item Short-Form Health Survey (SF-36), 38 the Social Adjustment Scale, Self-Report (SAS-SR), 39 and the Quality of Life Enjoyment and Satisfaction Questionnaire (Q-LES-Q), 40 were administered at baseline and weeks 6 and 12. Outcome measures were collected prior to the first exercise session of the week.
Statistical Methods
We evaluated all participants who had a baseline visit and at least 1 postbaseline visit. Baseline characteristics were compared between exercise groups using t tests or χ 2 tests. Median energy expenditure, minutes of exercise, and adherence to the prescribed amount of exercise over weeks 3 to 12 were compared by Wilcoxon 2-sample test.
The change over time in probability of remission (IDS-C 30 score ≤ 12) was compared between groups using a generalized linear mixed model (GLMM) 41 as implemented in SAS (Proc Glimmix; SAS Institute Inc, Cary, North Carolina). To identify specific moderators of outcomes 17 for the 2 doses of exercise, 24 specific clinical and demographic variables that have been associated with outcomes in previous research were used. 3, 14, [42] [43] [44] Since it was impractical to construct an a priori model including all 24 potential preselected covariates along with all possible interactions, the following procedures were used. Continuous and ordinal variables were dichotomized by estimating cut points that best predicted remission. Eight variables were eliminated from further consideration as they predicted remission less accurately than random chance on the basis of a receiver operating characteristic curve analysis. Logistic regression models to predict remission were fit for all subsets 45, 46 of the 16 remaining variables and their interactions with exercise group and were ranked by goodness of fit as measured by the generalized Akaike information criteria. 47 The bestfitting model was selected. By this method, the QIDS-C 16 scores, derived from the IDS-C 30 scores, and the SF-36 mental scores were selected along with African American race, family history of mental illness, recurrent MDD episode status, gender, and the interactions of all these with exercise group.
Time effects could not be explicitly modeled by the logistic regression; thus, covariate interactions with time could not be selected. However, moderator effects, if present, would be observed in a significant 3-way interaction of covariate by group by time. Therefore, to examine the possible moderator effects of the selected covariates, the covariate-by-exercise group-by-time interaction terms (along with all 2-way interactions) for QIDS-C 16 score, SF-36 mental score, race, family history of mental illness, recurrent MDD episode status, and gender were included if significant at the 0.10 level. Moderator effects were examined by estimating exercise-group effects within moderator-defined subgroups. Parameter estimates from the adjusted GLMM for all participants were used to compute the group (initial) effect and group-by-visit interaction (growth) effect for each moderator subgroup after adjusting for mean values of the other covariates. Time was log-transformed to provide a more linear relationship with outcome. Effect sizes were defined as the number needed to treat (NNT) 48 to obtain 1 additional remission based on the probability of remission at week 12, estimated from the GLMM. The NNTs are being provided as a general guide to the size of the effect obtained since analyses conducted on subgroups resulted in the use of relatively small samples in comparison to those normally used in depression trials and are not specifically provided as an additional statistical test. Figure 1 presents the flow of participants through the TREAD study. Of 126 randomized patients, 122 (97%) were evaluable (3 higher-dose subjects and 1 lower-dose subject did not provide postbaseline data and were not evaluable). Participants were predominantly white (86%), female (82%), and married/living together (51%), with a mean age of 47.0 years (SD = 10.0 years) and a mean body mass index (calculated as kg/m 2 ) of 30.9 (SD = 6.2) ( Table 1 ). The mean age at depression onset was 27.4 years (SD = 11.3 years), with the mean length of current episode being 80.4 months (SD = 96.0 months; median = 45 months). Escitalopram was the most commonly used SSRI (73%), followed by sertraline (15%). Baseline symptom severity was consistent with moderate depression. No between-group differences were found.
RESULTS
Exercise Table 2 shows median kcal expended, minutes of exercise, and degree of adherence to the prescribed amount of exercise by week. Median kcal expended per week during weeks 3-12 were significantly greater in the 16-KKW group than in the 4-KKW group (824 kcal vs 290 kcal; P < .0001), as were minutes of exercise per week (132 minutes vs 60 minutes; P < .0001). The median number of exercise sessions per week was not significantly different between groups (P = .19), with 3 sessions/wk in the 16-KKW group and 2 sessions/wk in the 4-KKW group. Median adherence rates were significantly greater (P = .0005) in the 4-KKW group (99.4%) than in the 16-KKW group (63.8%).
Both groups had slight mean weight increases from baseline to exit 
Remission
Exit remission rates were identical at 29.5% (18 of 61) for both exercise groups. Figure 2A shows unadjusted percents remitted and GLMM fitted curves. Estimated remission rates improved significantly during the study for all participants (F 1,1118 = 49.4, P < .0001). The difference between groups was not significant (group effect: F 1,1118 = 1.9, P = .17; group-by-time effect: F 1,1118 = 1.6, P = .20).
The covariate-adjusted GLMM ( Figure 2B ) also showed significant improvement over time for both groups combined (F 1,121 = 39.9, P < .0001), although the group effect showed only a trend toward significance (group effect: F 1,134 = 3.2, P = .07; group-by-time effect: F 1,119 = 3.8, P = .06). Adjusted remission rates at week 12 were 15.5% versus 28.3% for the 4-KKW and 16-KKW groups, respectively (t 92 = 1.3, P = .18), leading to an NNT of 7.8 for 16 KKW versus 4 KKW.
Gender and family history of mental illness were identified as treatment moderators due to a significant gender-by-group-by-time interaction (F 1,90 = 6.6, P = .01) and family history-by-group-by-time interaction (F 1,95 = 5.6, P = .02). To better understand the moderating effects of gender and family history, the group (initial) and groupby-visit interaction (growth) effects for all 4 subgroups (women with a family history of mental illness, women with no family history, men with a family history, and men with no family history) were estimated from the GLMM (Figure 2C-2F) .
Women with a family history of mental illness exhibited numerically greater growth in remission rates in the 4-KKW group than in the 16-KKW group (Figure 2C ), but the difference was not significant (t 131 = 0.5, P = .59). At week 12, estimated remission rates in this subgroup were 43.7% and 15.5% for the 4-KKW and 16-KKW groups, respectively (t 93 = 2.0, P = .04) (NNT = 3.5). Among women and men with no family history of mental illness ( Figure 2D and 2F, respectively), the efficacy for the groups was reversed, with growth in remission rates being significantly greater for the 16-KKW group than the 4-KKW group (t 83 = 2.4, P = .02; and t 85 = 4.5, P ≤ .0001, respectively). Remission rates at week 12 for women with no family history were 39.0% for the 16-KKW group and 5.6% for the 4-KKW group (t 95 = 2.1, P = .04) (NNT = 3.0), while for men with no family history, rates were 85.4% and 0.1% for the higherdose and lower-dose groups, respectively (t 88 = 5.4, P < .0001) (NNT = 1.2). Men with a family history of mental illness ( Figure  2E ) also experienced significantly greater remission-rate growth in the higher-dose versus lower-dose group (t 95 = 2.3, P = .02), resulting in week 12 remission rates of 62.6% and 1.7% in the 16-KKW and 4-KKW groups, respectively (t 82 = 2.9, P = .005) (NNT = 1.6).
DISCUSSION
Covariate-adjusted remission rates were 15.5% for lower-dose and 28.3% for higher-dose exercise augmentation, leading to an NNT of 7.8, well within the range of findings that warrant change in clinical practice (ie, the recommendation of exercise as an augmentation treatment for depression). Evaluation of moderating variables indicates that men with or without a family history of mental illness and women with no family history of mental illness had higher remission rates with higher-dose exercise compared to lower-dose exercise. Studies 6,10,42 of treatment augmentation generally yield effect sizes that are equivalent to or smaller than those observed in this trial. Recent data 4, 5 examining aripiprazole as an augmentation treatment show that, after an adequate first step with an antidepressant, differences in remission rates between the treatments and placebo are similar to this study-approximately 10%.
The unadjusted remission rates for exercise augmentation were identical at 29.5% (18 of 61) for both treatment groups. These rates are comparable to those of level 2 in STAR*D (ie, citalopram augmentation with bupropion or buspirone, which yielded remission rates of 29.7% and 30.1%, respectively, based on the HDRS 17 ). 6 This finding suggests that exercise is a reasonable alternative to medication augmentation for patients who prefer a nonpharmacologic option.
These results also demonstrate the importance of examining moderating variables, 16, 17 as specific moderator effects revealed important, clinically relevant findings that were not otherwise evident. Participants with no family history of mental illness were significantly more likely to achieve remission with the higher dose of exercise as opposed to the lower dose. Men with a family history of mental illness were also more likely to achieve remission with higher-dose exercise, whereas women with a family history of mental illness appeared to benefit more from lower-dose exercise, although these effects did not reach significance. While both doses appeared to yield a benefit with SSRI treatment, the higher dose appeared superior to the lower dose for men in general and in women with no family history of mental illness. Conversely, the lower dose may be sufficient for women with a history of mental illness.
A review by Teychenne et al 49 reported that less than 90 minutes of weekly physical activity in depressed individuals resulted in effective reductions in the likelihood of depression in participants. These findings illustrate why it is important to examine moderating variables, as high-dose exercise may be more effective for some, while low-dose exercise is more effective for others. This study also provides a method for future research to explore the use of moderating variables to develop treatments that can be tailored to the individual. Personalizing treatment for depression should optimize outcomes for each individual.
A limitation of the current study is that participants assigned to the 4-KKW exercise group showed better adherence than those assigned to the 16-KKW exercise group, although there was a clear difference in KKW expenditure between the groups. However, the greater adherence in the 4-KKW group provides evidence that low-dose exercise may be more tolerable for depressed patients and indicates an intervention that may be more acceptable to a wider spectrum of patients. Another limitation of the study is the absence of a true control group. While unadjusted remission rates were identical between groups (29.5%), adjusted remission rates were numerically, although not statistically, different (15.5% for the 4-KKW group versus 28.3% for the 16-KKW group). Future research should be designed to either include an inert control or be conducted with sufficient samples to conduct equivalency analyses. Furthermore, research is needed to examine longer-term outcomes. It may also be useful to examine improvements in fitness and other outcomes such as self-efficacy, as well as how these factors may mediate treatment response.
CONCLUSIONS
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